Cryptococcus neoformans infections are significant causes of morbidity and 2 mortality among AIDS patients and the third most common invasive fungal infection in 3 organ transplant recipients. One of the main interfaces between the fungus and the host 4 is the fungal cell wall. The cryptococcal cell wall is unusual among human pathogenic 5 fungi in that the chitin is predominantly deacetylated to chitosan. Chitosan deficient strains 6 of C. neoformans were found to be avirulent and rapidly cleared from the murine lung. 7 Moreover, infection with a chitosan deficient C. neoformans lacking three chitin 8 deacetylases (cda1D2D3D) was found to confer protective immunity to a subsequent 9 challenge with a virulent wild type counterpart. In addition to the chitin deacetylases, it 10 was previously shown that chitin synthase 3 (Chs3) is also essential for chitin deacetylase 11 mediated formation of chitosan. Mice inoculated with chs3D at a dose previously shown 12 to induce protection with cda1D2D3D die within 36 hours after installation of the organism. 13 Mortality was not dependent on viable fungi as mice inoculated with heat-killed 14 preparation of chs3D died at the same rate as mice inoculated with live chs3D, suggesting 15 the rapid onset of death was host mediated likely caused by an over exuberant immune 16 response. Histology, cytokine profiling, and flow cytometry indicates a massive neutrophil 17 influx in the mice inoculated with chs3D. Mice depleted of neutrophils survived chs3D 18 inoculation indicating that death was neutrophil mediated. Altogether, these studies lead 19 us to conclude that Chs3, along with chitosan, plays critical roles in dampening 20 cryptococcal induced host inflammatory responses. 21 22 23 24
of patients with cryptococcal meningitis is between 10-30% in medically-advanced Conversely, mice that received HK chs3∆ all died at the same rate as observed above 139 with live chs3∆ (Figs. 2 and 3A) indicating that mortality was not dependent on the viability 140 of the fungi. In addition, to confirm that the observed phenotype was due to loss of Chs3 141 and not some secondary mutation in the strain used, we assayed the original chs3∆ 142 mutant strain (Supplemental figure 1) and saw the same rapid mortality observed in 143 Figure 3A . 144 Different mouse backgrounds have various susceptibilities to C. neoformans 145 depending on the strain used (11). Due to the strong phenotype observed with chs3∆ in 146 the C57BL/6 mice, we wanted to verify that rapid rate of mortality was not due to the 147 mouse background. To assess susceptibility in different mouse backgrounds, BALB/c or 148 CBA/J mice received an intranasal inoculation with 10 7 CFU of HK WT KN99, HK chs3∆ 149 or HK chs3∆::CHS3 and were monitored for survival. Regardless of the mouse 150 background, mice that received HK WT KN99 or HK chs3∆::CHS3 all survived the 151 challenge, whereas mice that received HK chs3∆ all died at the same rate as observed 152 in the C57BL/6 mice (Figs. 3A-C) indicating that rapid rate of mortality was not a mouse 153 background phenomenon.
154
A massive inflammatory response is triggered to chs3∆ inoculation. 155 The above data indicates that mice are not dying due to the fungal burden, as 156 death was not dependent on viable fungi in multiple mouse backgrounds (Figure 3) . 157 These data suggest that the mortality associated with chs3∆ maybe host mediated (12) . 158 To test this, C57BL/6 mice received an intranasal inoculation with 10 7 CFU HK WT KN99, 159 HK chs3∆ or HK chs3∆::CHS3 and the lungs were processed for histology. For all immune 160 studies, we chose to use heat-killed fungi to control for fungal burden as the WT KN99 and chs3∆::CHS3 would rapidly outgrow the chs3∆ strain and potentially skew our results. 162 Lungs were processed at 8 hours post inoculation as we could not constantly keep the 
175
Because we observed massive infiltration of immune cells in the lungs of chs3∆ 176 inoculated mice (Figs 4D-E), we next assessed the cytokine/chemokine produced. To do 177 this, C57BL/6 mice received an intranasal inoculation with 10 7 CFU HK WT KN99, HK 178 chs3∆ or HK chs3∆::CHS3 and at 8hr post inoculation homogenates were prepared from 179 the lungs of each group as well as a PBS control group. Cytokine/chemokine responses 180 were determined from the lung homogenates using the Bio-Plex Protein Array System. 181 We observed an increase in multiple cytokines ( Supplementary Figure 2) , however there 182 was a significant increase in the chemokines KC ( Fig. 5A ) and G-CSF (Fig. 5B ), as well 183 as extremally high levels of IL-6 ( Fig. 5C ) in chs3∆ inoculated mice compared to PBS, HK WT KN99 or HK chs3∆::CHS3 inoculated mice. This cytokine profile is indicative of a 185 strong neutrophilic response in the lungs which correlates with the histology data above 186 indicating an enhanced presence of granulocytes ( Figure 4 ).
187
A significant increase in neutrophil recruitment in the lungs of chs3∆ inoculated 188 mice. 189 Since both the histology and cytokine analysis indicates a strong inflammatory 190 response, we wanted to identify the responding cells. For this, C57BL/6 mice received an 191 intranasal inoculation with 10 7 CFU of HK WT KN99, HK chs3∆ or HK chs3∆::CHS3 and 192 at 8hr post inoculation pulmonary leukocytes were isolated from the lungs of each group 193 by enzymatic digestion and subjected to flow cytometry analysis for leukocyte identity 194 (Supplementary Figure 3) . Consistent with the above histology data, there was a 195 significant increase in the total number of immune cells in the lungs of chs3∆ inoculated 196 mice ( Fig. 6A ). In addition, there was a significant increase in both the total number and 197 percent neutrophils in the lungs chs3∆ inoculated mice compared to the WT KN99 or HK 198 chs3∆::CHS3 inoculated mice (Figs 6B-C). We did not observe a significant change in 199 any of the other cell types assayed ( Supplementary Figure 4 ).
200
Depletion of neutrophils protects chs3∆ inoculated mice. 201 Due to the significant increase in neutrophil recruitment to the lungs of mice 202 inoculated with the chs3∆ strain, we sought to determine the role of neutrophils in the monitored for survival. Mice were injected with antibody every 24 hours for the first 5 days 207 post challenge. After day 5, the mice were injected every 48 hours. This antibody is 208 usually injected every 48 hours, however, with the high number of neutrophils recruited 209 ( Fig. 6 ) and the elevated levels of neutrophil growth factors ( Discussion: 220 We have previously shown that deletion of a specific chitin synthase (CHS3), or 221 deletion of all three chitin deacetylases causes a significant reduction in chitosan in the 222 vegetative cell wall (9). These chitosan deficient strains of C. neoformans were found to 223 be avirulent and rapidly cleared from the murine lung (9). Moreover, infection with a 224 chitosan deficient C. neoformans strain lacking three chitin deacetylases (cda1Δ2Δ3Δ) 225 was found to confer protective immunity to a subsequent challenge with a virulent wild 226 type counterpart (10). These findings suggest that there is an altered host response to 227 chitosan-deficient strains. Surprisingly, we observed that mice inoculated with chitosan-228 deficient chs3∆ all died within 36 hours (Figs. 2 and 3) and death was associated with an aberrant hyperinflammatory immune response indicating that chitosan is critical in 230 modulating the immune response to Cryptococcus. 231 The immune response to Cryptococcus, as well as the magnitude of the response, There is precedent to study mutants that induce an aberrant hyperinflammatory 245 immune response, as similar responses have been observed with cryptococcal IRIS.
246
Cryptococcal IRIS develops in 8-49% of patients with known cryptococcal disease before 247 antiretroviral therapy (16). The pathogenesis of IRIS is poorly understood, and prediction 248 of IRIS is not currently possible. Innate immune cells, such as monocytes and neutrophils, 249 are of increasing interest in IRIS pathophysiology, since granuloma appears to be 250 frequently found in IRIS lesions (15) . Additionally, at the time of IRIS onset multiple 251 proinflammatory cytokine are detected, including IL-6 (17). Further study of the chs3D immune response could advance our understanding of host immune mechanisms involved in an inappropriately strong immune response to Cryptococcus, like those seen 254 in immune reconstitution inflammatory syndrome. These studies have the potential to 255 advance our understanding of a significant problem in the management of cryptococcal 256 patients.
257
Other cryptococcal mutants that have defects in the cell wall, like rim101∆, have 258 been found to induce a strong proinflammatory response and lead to neutrophil 259 recruitment (18), however, not to the order of magnitude observed with chs3D. 260 Neutrophils have a complicated role in the cryptococcal immune response. While 261 neutrophils can kill C. neoformans, the fungus can modulate the neutrophil response.
262
Cryptococcal capsular and cell wall components can inhibit neutrophil migration (19, 20) , 263 and can inhibit the production of neutrophil extracellular traps (21). In the brain, 
Strain construction:
Gene-specific deletion construct of the chitin synthase 3 gene (CNAG_05581) was 297 generated using overlap PCR gene technology described previously (26, 27) and 298 included the nourseothricin resistance cassette. The primers used to disrupt the genes 299 are shown in Table S1 . The Chs3 deletion cassette contained the nourseothricin 300 resistance cassette resulting in a 1,539 bp replacement of the genomic sequence 301 between regions of primers 3-Chs3 and 6-Chs3 shown in upper case in Table S1 . The 302 construct was introduced into the KN99a strain using biolistic techniques (28). To 303 generate a CHS3 complement strain, we replaced the NAT resistance cassette in 304 the chs3 deletion strain with the native CHS3 gene sequence by electroporation (29) Data is cumulative of two independent experiments with 5 mice for chs3∆ and 591 chs3∆::CHS3 each for a total of 10 mice. Virulence was determined using Mantel-Cox 592 curve comparison with statistical significance determined by log-rank test. (***, P < 0.001).
Figure 1. Deletion and complementation of C. neoformans chitin synthase 3 (Chs3):
(A) For morphological analysis, cells were incubated for 2 days in YPD and diluted to an OD650 of 0.2 with PBS. Five microliters each cell solution was spotted on to a clean glass slide and photographed at 40X. (B) Temperature sensitivity. Cultures were grown overnight in YPD then diluted to an OD650 of 1.0. Tenfold serial dilutions were made in PBS and 3µl of each was plated. The plates were grown for 4 days at 30°C or 39°C. (C) Quantitative determination of cell wall chitosan by the MBTH assay. Cells were grown in YPD for two days, collected, washed and used for the assay. Data represents the average of three biological experiments ± standard deviation (SD) and are expressed as nMoles of glucosamine per mg dry weight of yeast cells (***, P < 0.001).
Figure 2.
Inoculation with the chs3∆ strain induces rapid mouse mortality: C57BL/6 mice were infected with 10 7 live CFUs of each strain by intranasal inoculation. Survival of the animals was recorded as mortality of mice for 40 days post inoculation. Mice that lost 20% of the body weight at the time of inoculation or displayed signs of morbidity were considered ill and sacrificed. Data is representative of one experiment with 5 mice for KN99, 5 mice for cda1Δ2Δ3Δ, 10 mice for chs3∆, and 10 mice for chs3∆::CHS3. Virulence was determined using Mantel-Cox curve comparison with statistical significance determined by log-rank test. (***, P < 0.001). Cytokine/chemokine responses were determined from the lung homogenates using the Bio-Plex Protein Array System. Data is cumulative of one experiment with 5 mice for PBS and KN99, and two experiments with 5 mice for chs3∆ and chs3∆::CHS3 each for a total of 10 mice experiments, ± standard errors of the means (SEM). Each dot represents data from an individual mouse. (***, P < 0.001) Figure 6 . A significant increase in neutrophil recruitment in chs3∆ inoculated mice. C57BL/6 mice were inoculated with 10 7 Heat-killed CFUs of each strain by intranasal inoculation. At 8 hours post inoculation, pulmonary leukocytes were isolated from the lungs of each group and subjected to flow cytometry analysis (see Supplemental Table 2 for antibodies and Supplemental Fig. 3 for gating strategy). (A) total cell number of leukocytes. (B) Total and (C) percent neutrophils (CD11b + /CD24 + /Ly6G + /CD45 + ). Data is cumulative of one experiment with 5 mice for PBS and KN99, and two experiments with 5 mice for chs3∆ and chs3∆::CHS3 each for a total of 10 mice experiments, ± standard errors of the means (SEM). Each dot represents data from an individual mouse. (***, P < 0.001) Figure 7 . Depletion of neutrophils protects chs3∆ inoculated mice: (A) C57BL/6, (B) BALB/c, or (C) CBA/J mice were inoculated with 10 7 Heat-killed CFUs of each strain by intranasal inoculation. Prior to inoculation and throughout the experiment, mice were treated with isotype antibody or anti-Ly6G antibody. Survival of the animals was recorded as mortality of mice for 20 days post inoculation. Mice that lost 20% of the body weight at the time of inoculation or displayed signs of morbidity were considered ill and sacrificed. Data is cumulative of two independent experiments with 5 mice for chs3∆ and chs3∆::CHS3 each for a total of 10 mice. Virulence was determined using Mantel-Cox curve comparison with statistical significance determined by log-rank test. (***, P < 0.001).
Supplemental figure 1:
The original chs3∆ strain also induces rapid mortality: C57BL/6 mice were inoculated with 10 7 Heat-killed CFUs of each strain by intranasal inoculation. Survival of the animals was recorded as mortality of mice for 20 days post inoculation. Mice that lost 20% of the body weight at the time of inoculation or displayed signs of morbidity were considered ill and sacrificed. Data is representative of one experiment with 5 mice for each strain. Virulence was determined using Mantel-Cox curve comparison with statistical significance determined by log-rank test. (***, P < 0.001).
Supplemental figure 2. Cytokine/chemokine analysis: C57BL/6 mice were inoculated with 10 7 Heat-killed CFUs of each strain by intranasal inoculation. At 8 hours post inoculation, homogenates were prepared from the lungs of each group. Cytokine/chemokine responses were determined from the lung homogenates using the Bio-Plex Protein Array System. Data is cumulative of one experiment with 5 mice for PBS and KN99, and two experiments with 5 mice for chs3∆ and chs3∆::CHS3 each for a total of 10 mice experiments, ± standard errors of the means (SEM). Each dot represents data from an individual mouse.
Supplemental figure 3. Flow cytometry gating strategy. Flow cytometry analysis of host leukocyte populations in C57BL/6 mice 8 hours post inoculation with 10 7 Heat-killed CFUs of chs3∆. After separation based on physical properties to eliminate debris and doublets, dead cells were excluded by live/dead staining (not shown). CD45+ cells (leukocytes; top left) were subjected to analysis based on their expression of CD3, CD4, CD8a, CD11b, CD11c, CD19, CD24, CD49b, CD103, F4/80, Ly-6G, and Siglec F. The specific populations of cells identified are indicated on the flow plots.
Supplemental figure 4. Flow cytometry analysis: C57BL/6 mice were inoculated with 10 7 Heat-killed CFUs of each strain by intranasal inoculation. At 8 hours post inoculation, pulmonary leukocytes were isolated from the lungs of each group and subjected to flow cytometry analysis Data is cumulative of one experiment with 5 mice for PBS and KN99, and two experiments with 5 mice for chs3∆ and chs3∆::CHS3 each for a total of 10 mice experiments, ± standard errors of the means (SEM). Each dot represents data from an individual mouse .   Table S1 . Primer used in this study.
Primer Sequence
Chs3-1 CGTCAACCCAACCACATTC Chs3-2 CAGCTCTCAGATCACGTTTACCT Chs3-3 CGGAAATTGCTGCTCCCTAcaggaaacagctatgaccatg Chs3-4 catggtcatagctgtttcctgTAGGGAGCAGCAATTTCCG Chs3-5 cactggccgtcgttttacaacGCGGATAAACATCCGTCAAAG Chs3-6 CTTTGACGGATGTTTATCCGCgttgtaaaacgacggccagtg Chs3-7 GAAAAGTTGAAGAAAAGGATCAATACC Chs3-8 CTCTCAACTGTTTTAATCAACGAATG Chs3-9 GACACGTTCTGTTGGAGATGG Chs3-10 CTGTAAGTTCCTAACGCGAAACG
